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We report measurements of the surface impedance Z s = R s + iX s of (Pr x Yi- x )Ba2Cu307-s, 
(x = 0,0.15,0.23,0.3,0.4,0.5). Increasing Pr concentration leads to some striking results not ob- 
served in samples doped by non-magnetic constituents. The three principal features of the R S (T) 
data - multiple structure in the transition, a high residual resistance and, at high Pr concentra- 
tions, an upturn of the low T data, are all characteristic of the influence of magnetic scattering on 
superconductivity, and appear to be common to materials where magnetism and superconductivity 
coexist. The low T behavior of A(T) appears to change from T to T 4 at large Pr doping, unlike 
that reported for Ni and Zn substitutions, and is further evidence of the influence of magnetic 
pairbreaking of the Pr. 
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In the 123 class of cuprates where Y is replaced by 
lanthanide elements such as La,Ce,Pr,Nd,Gd,Dy, etc., 
the compound PrBauCusOrs is insulating while all the 
other members of the family show a superconducting 
transition in the vicinity of 90K. Superconductivity in 
(Pr x Yi- x )Ba,2Cu 3 07-s is suppressed rapidly as the Pr 
content is increased and the system undergoes a transi- 
tion to an insulating state at x ~ 0.55—0.6 |l|,|| . Since su- 
perconductivity in the cuprates is mainly associated with 
the Cu — O planes, the exact role of Pr (which substitutes 
for Y in the 123 structure) in the T c suppression is of fun- 
damental interest. This also makes the Pr doped system 
distinct from the other transition metal doped 123 com- 
pounds where dopants like Ni, Zn, Fe are substituted at 
the Cu sites and thus directly affect the superconductiv- 
ity in the planes. Two mechanisms for the decrease of T c 
with Pr concentration x have been proposed: (1) annihi- 
lation of mobile holes in the CuOi planes by the Pr ions 
(hole depletion mechanism), and (2) superconducting 
electron pair breaking (pair breaking mechanism) Q . Su- 
perconducting electron pair breaking could be produced 
by potential scattering of mobile holes by the Pr ions if 
Y ' BaiCuzOi is a <i-wave superconductor and by spin- 
dependent exchange scattering of the mobile holes by the 
Pr ions, which carry well-defined magnetic moments, if 
Y Ba-iCu^O'js is an s-or d-wave (spin-singlet) supercon- 
ductor ||. Both of these mechanisms have been incor- 
porated into a phenomenological model which provides a 
semiquantitative description of the striking variations of 
T c with x and y in the (Ca x Pr y Yi- x -y)Ba2CuzOi-8 sys- 
tem for < x, y < 0.2 (here, mobile holes are generated 
by Ca and annihilated by Pr and the pressure de- 
pendence of T c in the {Pr x Y\- x )Ba2Cu-sOi-$ system for 
< x < 0.5 The hole-depletion and pair breaking 

mechanisms are assumed to originate in the hybridization 
of the localized PrAf states and the CuOi valence band 



states. The existence of PrAf — CuOi valence band hy- 
bridization was first proposed on experimental grounds 
to account for the anomalous pressure dependence of T c 
of {Pr x Yx-x)Ba2Cu^OT-s system HH, in analogy with 
the anomalous behavior of T c under pressure in supercon- 
ductors containing Ce impurities such as La\^ x Ce x [Q. 
To the extent that pair breaking is responsible for the de- 
pression of T c in the {Pr x Yi^ x )Ba2Cu^Oi-s system, it 
would be necessary to invoke PrAf — CuO-i valence band 
hybridization in order to generate a sufficiently strong 
coupling of the Pr ions to the mobile holes in the CuO^ 
planes. Except for Ce, the other lanthanide (Ln) ions 
with partially-filled 4/ electron shells do not depress the 
T c of Y BCI2CU3O7-5 by a measurable amount; evidently, 
the Ln 4/ — CuC>2 valence band hybridization and, in 
turn, the exchange coupling of the Ln ions to the holes 
in the C11O2 planes is small. It is interesting to note 
that such a hybridization-induced exchange interaction 
is antiferromagnetic and should produce a Kondo effect, 
resulting in a depression of T c with impurity concentra- 
tion (here, Pr) that deviates from the prediction of the 
theory of Abrikosov and Gor'kov (AG) in a manner that 
depends on the ratio of the Kondo temperature Tr to the 
T c of the host superconductor (in this case, YBCO) 0. 
Measurements of the low temperature specific heat in the 
range < x < 0.5 reveal a broad anomaly in the specific 
heat |^|,|| . This anomaly can be described by the sum of a 
term of the form C e (T) = 7T with an enormous "heavy- 
fermion-like" value of 7 of ~ 240m J/ molPr — K 2 and a 
contribution Cm{T) that has been described by a spin 
1/2 Kondo anomaly with a value of Tk that increases 
with x Q or an anomaly associated with antiferromag- 
netic ordering of the Pr ions 10 1. It has been shown that 
the detailed T c vs x curve of the (Pr x Yi- x )Ba,2Cu30r-8 
system does not conform to the AG theory, but can be 
described by the aforementioned phcomenological model 
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based on both hole depletion and pair breaking in the 
range < x < 0.2 11 1. Many experiments have indicated 
Pr to be predominantly in a 3+ valence state, although 
a mixed valence state cannot be ruled out. 

There are several anomalies observed in transport 
and magnetization experiments which indicate that 
Pr x Y\- x BaiCu?,0'i-& has a ground state with unusual 
electronic properties, and which has been proposed 
theoretically to account for the insulating nature of 
PrBaiCu-sOi-b |L2|]. Neutron scattering experiments in- 
dicate long range AFM ordering of the Pr moments in 
the insulating compound PrBa2Cu^O-j-s with an unusu- 
ally high Neel temperature TV of \7K [Q. Overall the 
Pr x Y\- x BaiCuzO-i-& system represents the ideal candi- 
date to explore the effects of pair-breaking and magnetic 
scattering in the superconducting state. 

Microwave experiments have been shown to be unique 
probes of the superconducting state. Measurements of 
the T dependence of the microwave surface impedance Z s 
and penetration depth A can reveal important informa- 
tion regarding the gap parameter and the quasiparticle 
density of states. The linear behavior of A at low T ob- 
served in YBCO f| and BSCCO (l| is consistent with 
nodes in the in-plane gap. It is of interest to examine 
the role of impurities in this context, since the influence 
of impurities are expected to be strikingly different for 
a d-wave superconductor compared to the conventional 
s-wave type as discussed above. 

In this paper, we report on complex surface impedance 
[Z s = R s + iX s ) measurements on a series of 
Pr x Y\- x BaiCuy,07~& single crystals with x ranging from 
to 0.5. Our experiments reveal novel structure in the 
superconducting transition region not seen in dc or low 
frequency probes of resistivity and magnetization. In the 
following sections we present the surface resistance R s (T) 
and the low temperature penetration depth A(T) data 
and discuss our results in terms of enhanced magnetic 
scattering. 



I. EXPERIMENT 

The single crystals were grown using a flux-growth 
method described in an earlier publication p5[ . The Pr 
concentration x of the single crystals was inferred from 
their measured T' c s and the T c vs x curve of polycrys- 
talline Pr x Y\^ x BaiCu-s07-s samples reported in ref. 
jnj. Typical crystals used in our experiments were of 
size 0.7 x 0.7 x 0.05 mm 3 . Surface impedance measure- 
ments were done in a superconducting Nb cavity res- 
onator operating at a frequency of 10 GHz. The sam- 
ples were mounted on a sapphire rod and a "hot finger" 
technique was employed to monitor the temperature de- 
pendence of the complex surface impedance from AK to 
300A" |l(|] . This cavity perturbation method has been ex- 
tensively validated in precision measurements of R s and 



X s in single crystals of cuprate |lj,|2jj,|22| and borocar- 
bide superconductors Jl7| . The Nb cavity is maintained 
either at 4.2K or below 2K and the typical background 
Qb of the cavity can be as high as 10 s . The surface 
resistance R S (T) is measured from the temperature de- 
pendent Q using R S (T) = TlQ' 1 ^) - Q^(T)] and the 
penetration depth using AA(T) = £[f(T) - fb(T)} where 
the geometric factors are determined by the cavity mode, 
crystal size and location within the cavity. In the present 
setup, all measurements were done in the TEqh mode 
with the sample at the midpoint of the cavity axis where 
the microwave magnetic fields have a maximum and the 
microwave electric fields are zero. In all cases, the sam- 
ples were oriented with H r f\\c and currents only flow in 
the ab — plane. 



II. RESULTS AND DISCUSSION 

In Fig. [[J the surface resistance Rs(T) for 
Pr x Y 1 „ x Ba 2 Cu 3 7 s with x = 0.0, 0.15, 0.23, 0.3, 0.4, 0.5 
are shown. The data are normalized at R S (100K) to 
highlight the systematic variation of the surface re- 
sistance with increasing Pr concentration. The nor- 
mal state R S (100K) values range from 0.2 to 0.8 51 as 
x — > to 0.5. The overall temperature dependence of 
the surface impedance in the normal state is consistent 
with the expected skin depth limited response given by 
R n = ^/uj^op n /2 where p n is the normal state dc elec- 
trical resistivity. This is also well represented in the 
upturn in R n clearly seen for the x = 0.5 sample before 
the superconducting transition occurs. At x = 0.5, the 
Pr-doped system is on the verge of a metal-insulator 
transition and dc electrical resistivity measurements in- 
dicate that this transition occurs for x ~ 0.55 — 0.6. This 
transition from a linear normal state resistivity in the 
metallic case to a Mott Variable Range Hopping (VRH) 
type behavior in the insulating regime is mirrored in the 
surface resistance data of Fig.|l[ In particular the change 
in sign of dR s /dT from positive to negative just above 
the superconducting transition is evident as x increases 
from 0.4 to 0.5. The transition is sharpest for the un- 
doped YBCO sample with a width AT C which increases 
rapidly with Pr substitution. Random substitution of Y 
atoms by Pr which increases the disorder in the system 
combined with the magnetic scattering due to free Pr 
ions is the likely cause for the broad transition. 

An interesting feature of the data of Figjl] is the re- 
markable fine structure seen in the transition region. 
This is particularly accentuated in the R s data for x = 
0.23 and x — 0.3 (marked by arrows). A distinct change 
in slope at a characteristic temperature close to midpoint 
of the transition width occurs and is reproducible in sev- 
eral Pr-doped crystals investigated. It is to be noted that 
for the same concentrations, the dc resistivity and sus- 
ceptibility measurements do not show any signature of 
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multiple features in the transition. We propose that this 
two-slope structure is a consequence of a discontinuous 
change in quasiparticle scattering in the superconducting 
state at characteristic temperatures. This is seen clearly 
in our high frequency experiments as we probe both the 
normal and superfluid response in the superconducting 
state. 

The residual surface resistance at low temperatures 
shows an increasing trend with Pr doping, and there is 
almost an order of magnitude jump between x = 0.4 and 
0.5. The most striking aspect of the x — 0.5 sample is 
the upturn in R s for T < 18K and the temperature de- 
pendence almost mimics the normal state data just above 
the superconducting transition. This is an important ob- 
servation which we believe for the first time qualitatively 
captures the competing effects of magnetism and super- 
conductivity in cuprates as revealed in surface impedance 
measurements. It should also be pointed out that the 
presence of exchange interactions due to the PrAf mo- 
ments could also result in enhanced electron-electron in- 
teraction effects. In this case, many body corrections to 
the low temperature quasiparticle conductivity have to 
be taken into account and this can lead to the upturn in 
the R S (T) seen for higher Pr doping. 

It is to be pointed out that all the anomalous charac- 
teristics seen here for the Pr x Y\- x BaiCu^O-i-i system 
have been observed by us in our microwave experiments 
of borocarbide class of magnetic superconductors |l7|] . In 
general, a high residual surface resistance, multiple struc- 
ture in the transition and the low temperature upturn in 
R s all seem to be standard electrodynamic characteristics 
of systems exhibiting co-existence of magnetism and su- 
perconductivity. Systematic high frequency experiments 
on known magnetic superconductors would help further 
understand the implication of these features. 

The normalized surface reactance X S (T) is shown in 
Fig.||. The overall trend is similar to the correspond- 
ing R s (T) data with some differences particularly for the 
x = 0.5 sample. Two peaks are present in the vicinity 
of the superconducting transition and a third feature at 
least 15K higher in temperature. It is not clear whether 
these features are related to coherence effects. The sur- 
face reactance also shows an upturn at low temperature 
but the onset of this is about 10K lower than the corre- 
sponding onset in R s . The change in reactance is directly 
related to the change in penetration depth via the rela- 
tion X s = /.iqojX. In Fig.||, the low temperature penetra- 
tion depth extracted from the surface reactance is plotted 
as a function of reduced temperature (T/T c ). Measure- 
ment of the absolute value of the penetration depth is not 
possible with the cavity perturbation technique. How- 
ever, an estimate can be obtained by setting R s = X s 
in the normal state assuming local electrodynamics. An 
estimated London penetration depth Ao is added to each 
set of data in Fig|| 

For the undoped YBCO sample (x = 0), the penetra- 



tion depth is linear in temperature. This linear depen- 
dence seen both in YBCO and BSCCO class of cuprates 
has been considered as evidence for an order parameter 
symmetry having nodes in the gap |l3|,[l4| . With Pr dop- 
ing, the temperature dependence of A changes to a power 
law behavior. For the x = 0.15 and 0.4, the best fit to 
the data is obtained with a T 4 term. It is important to 
note that the data do not show a T 2 behavior reported 
in thin films of YBCO @ and Zn-dopcd YBCO single 
crystals . The change over from T to T 2 dependence 
in Zn and Ni doped YBCO has been interpreted as due 
to a crossover from a pure d — wave state to a gapless 
superconducting state. There are also a number of differ- 
ences in R s between the (Zn, Ni) and Pr doped YBCO. 
In the case of Zn or Ni doped samples, although the 
normal state R s increases with doping, there is negligi- 
ble change in the low temperature residual surface resis- 
tance. On the contrary, the normal state and residual R s 
increase with Pr concentration in Pr x Yi^ x Ba2Cu^OT-s. 
No multiple structure is seen in the transition for Zn or 
Ni doped samples. Thus there is every indication that 
enhanced scattering presumably of magnetic origin plays 
a major role in the surface impedance characteristics of 
Pr doped YBCO. 

In a recent paper, it has been theoretically proposed 
that in layered superconductors it is possible to have a 
novel phase transition governed entirely by the scatter- 
ing rate 1/r provided the order parameter reverses its 
sign on the Fermi surface but its angular average is finite 
p0| . According to this, the excitation energy spectrum 
which is gapless at a low level of scattering can develop 
a gap as the scattering rate exceeds some critical value; 
i.e., 1/r > 1/r*. Our surface impedance data on the Pr 
doped crystals seem to be remarkably consistent with this 
scenario. With increasing Pr concentration, not only are 
we introducing pair-breaking magnetic ions but also in- 
creasing the scattering rate. While the T c suppression 
can be thought of as due to hole depletion and magnetic 
pair-breaking, the enhanced scattering rate may result 
in the kind of transition proposed by this theory. Both 
the two-slope feature in the transition region and change 
in the temperature dependence of the penetration depth 
from linear to power-law shown in Fig.[I] and FigJ^ can be 
reconciled as a manifestation of a transition from a gap- 
less state to a superconducting state with a finite gap. 

Finally, we would like to remark about the case of 
mixed state order parameter symmetry like s + d in the 
123 system. In this case, where the order parameter has 
line nodes on the Fermi surface, elastic scattering sup- 
presses the T c vigorously and has a dominant influence 
over spin-flip scattering. The transition for a linear T 
to T 4 dependence in A can be interpreted as the sup- 
pression of the d-part of the order parameter, whereas 
insensitive to the impurities, s-wave survives. It is to 
be noted that our recent microwave experiments on high 
quality Y BCL2CU3O7-S single crystals grown in BaZrOz 
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crucibles indicate evidence for a multi-component order 
parameter symmetry pl| , p2[ . 

In conclusion, we have presented the microwave sur- 
face impedance for {Pr x Yi^ x )Ba2Cu^Oi-s single crys- 
tals with x ranging from to 0.5. Both the surface resis- 
tance and penetration depth data indicate strong scat- 
tering effects. Novel structure in the superconducting 
transition region and the temperature dependence of the 
penetration depth may be consistent with a phase tran- 
sition from a gapless to finite-gap state governed by the 
scattering rate. 
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FIG. 1. Surface Resistance of Pr^Yx-^Ba^CuzOT-s . The 
superconducting T' c s for x = 0.0, 0.15, 0.23, 0.3, 0.4, 0.5 are 
92K, 82K, 71K, 58K, 46K, and 22K, respectively. 
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FIG. 3. Low temperature penetration depth AA(T) vs rc- 
FIG. 2. Surface Reactance X a of Pr x Y 1 - x Ba 2 Cu 3 Or-6- dnced temperature t = T/T c . For x = 0.15 and 0.4 the data 

follows a t 4 dependence. Inset shows the data for x = 0.4 
(solid line) along with a t 4 curve (dashed line) for compari- 
son. An approximate Ao is added to each data. 
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